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ABSTRACT

The photochemical processes at work in the atmosphere of Titan are very com-
plex and lead to a great variety of compounds with aerosols as an end-product.
One of the most complex molecules detected so far is benzene (CgHg). In the
present work, we have updated and improved the chemistry of aromatics in
order to better understand the main chemical pathways leading to the pro-
duction of benzene and determine what other aromatics could be produced
efficiently in the atmosphere. This new chemical scheme has been incorporated
in our 1D photochemical model corresponding to mean conditions. We con-
firm the importance of ionic chemistry for benzene production in the upper
atmosphere and we have found that excited benzene is an important inter-
mediate in benzene production due to the exothermicity of many production
reactions. Among the 24 aromatics included in the model, neutral aromatics
like toluene (CgH5CHj3) and ethylbenzene (C¢HsCoHs) are relatively abun-
dant, suggesting in particular that toluene could be detectable in the infrared,
and eventually microwave wavelength ranges. However, we obtained large un-
certainties on model results highlighting the need for more experiments and
theoretical studies to improve the chemistry of aromatics.
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1 Introduction

The atmosphere of Titan, the largest moon of Saturn, is a factory for or-
ganic molecules on a planetary scale. Dissociation and ionisation of the major
constituents, N, and CHy, by solar photons, magnetospheric electrons and
galactic cosmic rays lead to the production of radicals and ions that initiate a
very active and complex chemistry. A diverse range of species are produced:
hydrocarbons, amines, imines, oxygen compounds, etc, with aerosols as an
end-product, which form haze layers in the atmosphere. A variety of molecules
have been detected so far from ground-based observatories and interplanetary
probes. Among these, the benzene molecule, CgHg, deserves a particular men-
tion for two main reasons: (1) Benzene is one of the more complex molecules
to be detected so far. Consequently, it provides a good constraint to test pho-
tochemical models and better understand the chemical pathways producing
complex molecules in Titan’s atmosphere (Wilson and Atreya, 2003; Vuitton
et al., 2009; Krasnopolsky, 2009, 2012, 2014; Loison et al., 2015; Frankland
et al., 2016). (2) Benzene, and other aromatics, are also considered to be key
compounds in the formation of larger molecules such as polycyclic aromatic
hydrocarbons (PAHs) or polycyclic aromatic nitrogen heterocycles (PANHSs).
They are also suspected to contribute to the production of aerosols (Lebonnois
et al., 2002; Waite et al., 2007; Delitsky and McKay, 2010; Mahjoub et al.,
2016; Gautier et al., 2017).

In the present paper, we extend the chemical schemes presented previously
(Dobrijevic et al., 2016b; Loison et al., 2015) to study the production of some
aromatic molecules. Several new species are added in order to better under-
stand the production of complex molecules and to determine which aromatics
could be present in sufficiently high abundances to be detected in the future
and could serve, as suggested by other studies, as precursors of aerosols. In
Section 2, we present the photochemical model and the updated version of
the chemical scheme. Emphasis is placed on the chemistry of aromatic species
(photolyses and reactions). The model results are presented in Section 3 and
the main points are discussed in Section 4.

2 Model

2.1 FEddy diffusion

The eddy diffusion coefficient K(z) is a free parameter of photochemical mod-
els that can be constrained in principle by comparison between the observed
mole fractions of atmospheric species and the corresponding model results.



In order to constrain the altitudinal profile of K(z), it is preferable to use
inert species or species involved in a well known chemical sub-scheme with
low chemical uncertainties. The altitudinal profiles of these species have to be
determined by observations.

In the high atmosphere, above the argon (Ar) homopause around 930 km,
molecular diffusion drives the profile of Ar. The Ar profile derived from INMS /Cassini
data (Waite et al., 2013) gives a quite strong constraint on the altitude level
of the homopause. Methane (CHy) is also interesting to constrain the eddy

coefficient since its molecular mass is lower than the one of Ny (contrary to
Ar).

Below this altitude, eddy diffusion is the dominant vertical transport in 1D
photochemical models and it could be constrained in principle using species
with well known altitudinal profiles. Here, we used water (H2O) and hydrogen
cyanide (HCN) for that purpose. Their altitudinal profiles have been inferred
by observations with relatively low uncertainties and the chemical processes
that drive their composition are expected to be simple. Also, uncertainties
on chemical parameters give rise to low model result uncertainties for these
species (Dobrijevic et al., 2016b). In addition, their chemical lifetimes are
greater than their dynamical lifetimes (dominated by eddy diffusion) and the
abundance profiles of these species are therefore driven by diffusion (note
that in a narrow altitudinal region around 200 km, chemical and dynamical
lifetimes are about the same). We use in the present study the eddy profile
used in Dobrijevic et al. (2016b). It gives abundance profiles for these species in
good agreement with observations (see Fig. 1 for H,O and HCN and Dobrijevic
et al. (2016b) for Ar and CHy).

Acetylene (CyHs) has also been proposed as a tracer species of vertical diffu-
sion (Li et al., 2014). Li et al. (2014) obtained a non-monotonic K (z) in the
stratosphere. A comparison between models is presented and discussed briefly
in Dobrijevic et al. (2016a) showing that a given eddy profile does not give
model results in agreement with observations for all species. In particular, the
eddy profile of Li et al. (2014) gives a HCN abundance in disagreement with
observations. Concerning CoHs, it is noteworthy to clarify that the branching
ratios of CoHs photolysis are not well-known. Loison et al. (2015) discussed
that point and showed that the abundances of both CoHy and Cy;Hg depend
on that parameter. Moreover, in a recent study made by Douglas et al. (2018),
the kinetics of the reactions of the first excited state of methylene, !CH,, with
N,, Hy, and CHy have been measured over the temperature range 43-160 K.
Using a photochemical model including only neutral species, they studied the
impact of the new measurements for Titan’s atmosphere, obtaining a signif-
icant decrease (=~ 40%) in the mixing ratio of ethane (CoHg) and a smaller
increase in the mixing ratio of CoHy between 800 and 1550 km. In addition, the
abundance profile of CoHg above 800 km depends on the radiative association



reactions. We found that by turning on all these reactions in our model, the
CyHg mole fraction increases by a factor of 2 in the ionosphere (see Section 2.2
for more details on radiative association reactions). On the other hand, H,O
and HCN are not affected by radiative association reactions. Consequently,
the CoHy and CyHg profiles calculated from photochemical models might be
more uncertain that currently suspected (see also Dobrijevic et al. (2018)).

Ethylene (CyHy) is currently not a good candidate for constraining K (z). CoHy
is known to be a species that has a calculated profile from various photochem-
ical models in disagreement with observations in the lower stratosphere (see
for instance Krasnopolsky (2009); Dobrijevic et al. (2016b)). For the moment,
the other photochemical products have too strong uncertainties to be used as
tracers of eddy mixing.
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Fig. 1. Abundance profiles of HoO and HCN in the nominal model (see text). Nom-
inal profiles are in black and 200 Monte-Carlo runs in grey (see section 3.6 for an
explanation of these runs). Observations of HCN in the upper atmosphere: Cassini
Ion and Neutral Mass Spectrometer (INMS) measurements by Magee et al. (2009).
HCN in the lower atmosphere: analysis of Cassini-CIRS mid infrared limb spectra
corresponding to 15°S latitude (Vinatier et al., 2007). Observations of HoO from
Moreno et al. (2012) (solid lines for mean and dashed lines for 1-o uncertainty).



2.2 Chemical scheme

With the exception of aromatic compounds, the basic chemical scheme used
in the present study is similar to the model presented in Dobrijevic et al.
(2016b) except that we consider neither anions nor radiative association reac-
tions. We performed runs including anions and radiative associations to test
their effects on our model results. Anion reactions are responsible for small
production fluxes and do not play any role in the production of aromatic
species present in our study. Radiative association reactions (derived from
statistical theory: see Vuitton et al. (2012); Hébrard et al. (2012); Hébrard
et al. (2013)) play a role for small species produced through association reac-
tions (CQHG, C3H6, CgHg, C4H6, C4H8, C4H10, CQH5CN, C3H7CN, CHgNHQ),
increasing their abundance in the upper atmosphere. For large species, such
as aromatics, the three body association reactions reach their high pressure
limit even at high altitude and the inclusion of radiative association does
not change their abundances. Moreover, recent quantum chemistry studies
(Douguet et al., 2015; Stoecklin et al., 2018) showed that the radiative asso-
ciation rate constants might be much lower than those obtained by statistical
theory, then their effect in Vuitton et al. (2012); Hébrard et al. (2012); Hébrard
et al. (2013) might be overestimated.

Some improvements have been made in the chemical scheme presented in
Dobrijevic et al. (2016b). In particular, we have removed the very minor reac-
tions. We have also included the new measurements of Douglas et al. (2018)
concerning the reactions of !CH, with Ny, Hy and CH,. We have updated the
ionic chemistry, particularly for HT and Hf reactions (which have however
only a small effect for Titan’s atmosphere). We removed the bimolecular exit
channel of the H + C4H3; — C4;Hy — CyHy + CoHs reaction keeping only
the termolecular H + C4H3 — C4H4 channel, and also the direct H + C4Hj3
— C4Hy + H reaction, from our previous studies (Loison et al., 2015; Do-
brijevic et al., 2016b). There are no experimental studies of this reaction but
it is related to the unimolecular decomposition of C4H4 studied by Ghibaudi
and Colussi (1988). The bimolecular HoCy (vinylidene) + CoHs production
reaction involves a Transition State (TS) slightly above the energy of H +
C4Hj3 (Cremer et al., 2006), so it should therefore be inefficient in Titan’s at-
mosphere conditions. It should be noted that inclusion of the bimolecular exit
channel leads to a large rate constant for this reaction that strongly decreases
the C4Hy abundance in the upper atmosphere, a result that is in poor agree-
ment with observations. As the bimolecular exit channel is very uncertain (and
probably weak) and as C4Hs is involved in aromatic formation through ion-
molecule reactions, we do not consider it here and prefer to wait for further
experimental or theoretical studies. For the rate constant of this reaction, we
adopt the value used by Vuitton et al. (2012).



Table 1
List of aromatics included in the model: 14 neutrals and 14 ions.

Neutrals CgHy, CgHs, CeHg, C¢H5CHo, CeH5CHj3
C¢H5CoH, CeH5CoH;, C¢HsN, CeHsNH
CgH5NH,, C¢H5NCH3, C¢HsNHCH3, CgH5CN, AROM

Tons CeHZ, CeH{, CeHT, C7HT, CeH5CHS
CeH5CHZ, CoHy, CsHY (CeH5CoHZ), CsHy;, CeH5CoHY
CeH;NHY, CeH5CNH*, C;H5NHCHZ, AROM™T

Although this new chemical scheme, which contains 177 species and 1217 re-
actions, has been improved, it is important to be aware that it is far from
complete. In particular, the number of species in the scheme (and the num-
ber of reactions) should increase with the number of atoms considered in
the species. As shown in Figure 2, this is not the case in the present model.
Although it is clear that not all the missing species and reactions will be im-
portant, it is possible that crucial species and reactions are absent. Although
uncertainty propagation studies are mandatory to determine which reactions
should be studied in priority, it is not easy to develop an exhaustive investi-
gation of hundreds of species and thousands of relevant reactions. This is the
case in particular when considering aromatic molecules. The list of aromatics
included in the present model is given in Table 1. It includes "only” 14 neutrals
and 14 ions. Two generic species called AROM and AROM™ are used to limit
the number of species. AROM and AROMT are the sum of all the aromatics
produced in the chemical network but not described here (see the list of the
38 reactions producing such species in the Appendix A and Appendix B).

Due to the lack of experimental data, all the aromatics, except for C4gH, and
CgHs radicals, are assumed in the present study to follow the same saturated
vapor pressure expressions as CgHg.

2.2.1 Aromatics photolysis

The photolysis of benzene is very important in Titan’s atmosphere as it in-
volves very large fluxes. This photolysis is particularly complex as analyzed by
Delitsky and McKay (2010). In the present work, we use the recent Capalbo
et al. (2016) absorption cross section leading to the photolysis rate presented
in Figure 3. The integrated absorption rate constant of benzene leads to about
50% of absorption due to the strong band between 160 and 190 nm, and 50%
around 200 nm. The fluorescence quantum yield and direct dissociation rate
are very low across the whole excitation wavelength range, whereas highly
vibrationally excited benzene is generated with a quantum yield near unity
through internal conversion to the ground singlet state of benzene (CgHg")
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Fig. 2. Analysis of the chemical scheme in the present model, in terms of the number
of species as a function of the number of atoms (sum of carbon, nitrogen, hydro-
gen and oxygen atoms) in blue and the number of carbons in red (whatever the
number of other atoms) or green (whatever the number of hydrogen atoms). For
instance, there are 15 species with 7 atoms, 11 species with 7 carbon atoms and 6
hydrocarbons (C,,Hp-type species) with 7 carbon atoms.

(West et al., 2016). Once formed, CgHE* can either dissociate or be relaxed
through collision with Ny leading to ground singlet state benzene in a high
vibrational state below the dissociation limit (CgHf). Both mechanisms are
internal energy dependent (West et al., 2016) but a simplified treatment can
be applied as shown by Nakashima and Yoshihara (1983) following benzene
excitation at 193 nm.

The dissociation lifetime of benzene after excitation at 157 nm is equal to 1.4
ps from Hsu et al. (2001) but 0.045 us from Shimada et al. (1993), and is
equal to 10 ps (Hsu et al., 2001; Tsai et al., 2000; Kislov et al., 2004) after
excitation at 193 nm. Consequently, benzene excited below 190 nm will be
almost entirely dissociated as the relaxation lifetime through collisions with
Ns is longer than the dissociation lifetime for altitudes above 90 km. At 211
nm, the dissociation lifetime is calculated to be equal to 1.7 ms by Mebel et al.
(2001) which corresponds to a relaxation lifetime by Ny at 350 km. We consider
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Fig. 3. Map of c-CgHg photolysis rate as a function of altitude and wavelength. The
more intense the blue color, the greater the benzene photodissociation rate. The grey
line delimits the altitude where the rate tends to zero. For short wavelength (below
135 nm), the photodissociation of benzene is low and occurs in the ionosphere. At
longer wavelength (greater than 160 nm) benzene photodissociation occurs in the
lower atmosphere down to 200 km. The normalized integrated rate constant is also
shown (superimposed red line). This shows that benzene photolysis is efficient only
for wavelengths greater than 165 nm up to 220 nm.

then an average value for the hot benzene (C¢Hg*) dissociation lifetime of 20
us, an intermediate figure between the values for benzene excitation at 193
nm and 211 nm. This average dissociation lifetime corresponds to a relaxation
lifetime by Ny at 160 km. Considering the work of Yokoyama et al. (1990); Ni
and Lee (2004); Kislov et al. (2004) we consider a fixed dissociation branching
ratio for excited C¢Hg* equal to 95% towards CgH; + H and 5% towards CgHy
+ Hs. The relative branching ratios between the two channels are not critical
since CgHy (benzyne) is thought to react quickly with H atoms leading to
CeHs (Madden et al., 1997) (there is a very small barrier, equal to 400 K, at
the M06-2X/AVTZ level for the H + C¢H, — CgHjs reaction). As the lifetime
of CgHg" is short, we can neglect its reactivity and its photolysis.

In contrast to CgHg*, CgHj has a long lifetime and its photochemistry should
be taken into account. CgHf does not react with O,, benzene or propane
(Nakashima and Yoshihara, 1983) and we can neglect its reactivity with closed
shell molecules. CgHf may react with H atoms leading to CgH7, which should
however give back CgHg through reaction with H. We then neglect the reac-
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tivity of CgHf (it should be noted that the apparent reactivity of C¢Hj with
Oy (Jain et al., 2012; Kovacs et al., 2009) is due to CgHs produced through
photodissociation of hot benzene after absorption of two 248 nm photons).
Although we can probably neglect the reactivity of CgHj, we cannot neglect
its photodissociation. The absorption cross section of hot benzene produced
by an absorbed photon at 248 nm has been measured equal to 1.7 x 10717 cm?
at 248 nm (Kovacs et al., 2009) and equal to 3.2 x 10717 cm? at 193 nm (Honjo
et al., 2005). We consider a constant absorption cross section of 1.0 x 10717
cm? between 150 and 300 nm leading mainly to CgHs + H and with ring
opening photodissociation channels around 20% using Tsai et al. (2001) and
Kislov et al. (2004). We also consider a CgHf photoionization cross section of
1.0 x 10717 em? between 100 and 250 nm from CgHg photoionization (Cool
et al., 2005) and the theoretical model from Koizumi (1991). While CgH{* has
a very low relative abundance throughout the atmosphere, CgHf and CgH;
are relatively abundant in the ionosphere (see Figure 5).

The photodissociation of substituted benzene (toluene, ethylbenzene, benzoni-
trile, phenylethyne, ...) involves also the formation of "hot” species followed
by dissociation. However, the dissociation lifetime is notably faster than for
benzene (850 ns for toluene at 193 nm, Lin et al. (2002)) and we can neglect
relaxation through collision with N,. The photodissociation of substituted
benzene leads to various products (see Appendix B), either radical forma-
tion through H, CH; or CN elimination (toluene (C¢HsCHj;) (Frochtenicht,
1995), ethylbenzene (C¢Hs5CoHs) (Tsai et al., 2001; Huang et al., 2002), ani-
line (CgH;NHz) (Ni et al., 2007), benzonitrile (Park et al., 1989; Hong et al.,
2001)) or closed shell molecules formation like C4gH, and CyHy from ethynyl
benzene (C¢HsCoH) photodissociation (Sorkhabi et al., 2001) and benzene and
CqoHy from styrene (CgH;CoHs) photodissociation (Lee et al., 2003). It should
be noted that the photodissociation of substituted benzene always preserves
the aromatic ring and that C¢H, and benzene are among the various products.
A key point is the photodissociation of the generic species AROM (AROM be-
ing the aromatic compounds produced in our network but not described in
detail). Considering the data for photodissociation of various aromatics pre-
sented in the Appendix B, there is no doubt that the photodissociation of
AROM will preserve the aromatic ring too. Moreover, considering the various
species included in AROM (CgH5CyHs, C¢H5C3Hs, ...) there is also no doubt
that some CgH, and benzene would also be among the products of AROM
photolysis.

2.2.2  Aromatic chemistry
The main subject of this paper is to describe monocyclic aromatic compounds

in Titan’s atmosphere. Our photochemical scheme restricted to the major
production and loss pathways is shown in Figure 4. The integrated column
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rates for each reaction are given in Appendix C.
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Fig. 4. Schematic diagram highlighting the important neutral (in black) and ionic (in
red) pathways for the production of aromatic species. CeHg* represents metastable
benzene (including all CgHg isomers) excited above the dissociation limit and CgHg
represents metastable benzene (including all CgHg isomers) excited below the disso-
ciation limit. Photodissociations are in blue and unimolecular dissociations of CgHg*
are in green. The thickness of each arrow is proportional to the integral of the total
production rate over the atmosphere (see Appendix C). Three body reactions are
represented by dashed lines. Radicals are shown in boxes, whereas closed shell com-
pounds are shown in circles. Species observed (C4Hg, CgHg, CeHI, C7HT, C7Hg ,
...) are in bold.

The first step of aromatic formation in Titan’s atmosphere is the production
of benzene. The chemical formation pathways of benzene have been studied
previously by Vuitton et al. (2008) showing that, in addition to the propargyl
recombination reaction C3Hs + CsHz + M, ionic chemistry is also very im-
portant, namely the C¢H7 dissociative recombination pathway in their case.
We review here the various pathways highlighting the uncertainties due to
the large number of isomers potentially involved. A specific point of benzene
production in Titan’s atmosphere is that most of the formation pathways are
very exothermic, leading to CgHg formed with internal energy mostly above
the isomerization channels of C¢Hg (Kislov et al., 2004). We then consider
three forms of CgHg for chemical reactions: C¢Hg which is the usual benzene
isomer at thermal equilibrium in Titan’s atmosphere, CgHg which is the sum
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of all CgHg isomers with large internal (vibrational) energy but below the dis-
sociation limit, and CgHg* which is the excited benzene above its dissociation
limit.
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Fig. 5. Mole fraction profiles of CgHf, CsHs and CgHy as a function of altitude
for the nominal model. These species play an important role in the production of
aromatics in the atmosphere of Titan.

2.2.2.1 CgH7 pathway. (20% of the total, mainly at high altitude around
800-950 km). The Dissociative Recombination (DR) of CgH7 leads almost
exclusively to CgHg (Hamberg et al., 2011). It should be noted that considering
the exothermicity of this DR reaction, most of the C¢Hg is produced in an
excited vibrational state (CgHj) but below the CgH; + H dissociation limit.
There are two main direct sources of C¢gH7 in the model (direct means not
through benzene protonation), the C¢H + Hy — C¢HF + hr and the C,HZ
+ CyHy — CeHF + Hj reactions. CgHy is formed through the C4HF + C,Hy
reaction, which leads to the phenyl form of C¢HZ (Dheandhanoo et al., 1986;
Goebbert et al., 2004; Anicich et al., 2006), and also through C4H3 + C,H,
and C,H5 + CoHy (Anicich, 2003; Peverati et al., 2016), which leads also to
the phenyl ion. Then C¢HZ + H, leads mainly to protonated benzene. There
are no studies on the nature of C¢H7 produced from the C,HF + CyH, reaction
(Anicich et al., 2006), so we assume that protonated benzene is formed.

2.2.2.2 C;H7 pathway. (18% of the total (with large uncertainty), mainly
at high altitude around 800-950 km). In our model, we consider that DR of
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C,H7 leads to some CgHs and CgHg production. There are two main isomers
for the C;H7 ion: benzylium (CgHs-CH3 ) and tropylium (7 atoms cycle), the
tropylium form being slightly more stable. The isomerization barrier from the
benzylium cation toward the tropylium cation is located at 272.6 kJ/mol at
the G3 level of calculation (Fridgen et al., 2004), so both isomers should co-
exist in Titan’s atmosphere. The isomerization process can also be induced by
reactions with H and CHjs as both are calculated to occur without a barrier
(Ausloos, 1982; Fridgen et al., 2004), which will favor tropylium production
(for these reactions, there is a competition between isomerization of the ben-
zylium cation toward the tropylium cation and the association reaction leading
to CgHsCHZ and CgHsCoHZ ions, in that case the most stable ions are the
benzene derivative one’s). In Titan’s atmosphere, C;HF will be formed by the
CsHE + CoHy and C¢HY + CHy reactions. There are various CsHZ isomers,
but all react with acetylene at similar rates (Ozturk et al., 1989), the prod-
ucts being likely both the benzylium and the tropylium ions. In the case of the
CeHZ + CH, reaction, the major product is the tropylium ion (Ausloos et al.,
1989). The DR rate of C;H{ has been studied experimentally (Rebrion-Rowe
et al., 2000; Fournier et al., 2013), the rate for the benzylium form being no-
tably larger. However, the products of these DR reactions are unknown. There
are various exothermic exit channels for the DR of C;H7, the most important
ones are:

AH, in kJ/mol
(benzylium /tropylium)

CHy 4+ ¢ — CeHg + CH -239/-208
CgHs + CH, -209/-178

CoH, + c-CsHs -419/-388

CsHs + C,H, -249/-218

CH,CCHCHCHCCH + H -225/-194

It is difficult to estimate the products for the DR of C;H7, but the DR of CgHg
and CgHY preserve the aromatic ring by more than 90% in both cases. We
consider that both C;H7 isomers have branching ratios equal to 20% towards
Ce¢Hg + CH and 20% towards CgH; + CHjy, the remaining 60% being ring
opening and the cyclopentadienyl radical. The tropylium and the benzylium
ions have quite different chemistry, the tropylium being less reactive (Ausloos
et al., 1980; Ausloos, 1982). So, we consider both isomers for C;H7 in our
model. As there is little doubt that C¢Hg and/or CgHs are produced through
the DR of C;H7, there is also little doubt than the DR of C;H7 is an efficient
direct or indirect (through Cg¢Hs and CgHy4) benzene production pathway. Tt
should be noted that c-C;H7 reaches a relatively large abundance in our model
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(see figure 9) and is thought to be responsible for the m/z = 91 peak observed
in INMS spectra.

2.2.2.3 CgH{, pathway. (18% of the total (with large uncertainty), mainly
at high altitude around 800-950 km). The DR of CgHY; is another ionic aro-
matic formation mechanism in our model. CgHj; is produced through the
CsHT + CH3CCH reaction leading to CgH{; (Anicich et al., 2006). There is
no information on the isomer(s) produced but, in contrast to C;H7, the most
stable isomer is the protonated ethyl benzene form (Fridgen et al., 2004) which
is therefore likely to be among the reaction products. In our model we consider
that the DR of CgHj; leads to ethylbenzene, toluene and benzene.

2.2.2.4 C3Hj; + C3H; pathway. (20% of the total, mainly at low altitude
around 200-300 km). Apart from the ionic pathways for benzene formation,
there are also neutral ones. Among them the C3Hz + CsHj recombination is
important. The rate constant of this reaction has been studied in detail over
a large range of temperature and pressure (Miller and Klippenstein, 2001,
2003; Georgievskii et al., 2007; Atkinson and Hudgens, 1999) but not at the
low pressures and temperatures characteristic of Titan’s middle and upper
atmosphere. The product branching ratios are not well known, the first step
of the reaction being the formation of linear CgHg with high internal excitation
energy which is in fact an isomer of CgHg*. Above 300 K and above 27 mbar,
the main experimental products are 1,5-hexadiyne and 1,2-hexadiene-5-yne
(Fahr and Nayak, 2000; Alkemade and Homann, 1989; Howe and Fahr, 2003).
However, in Titan’s atmosphere the C3Hz + C3Hj3 reaction is efficient above
200 km for a pressure below 1 mbar. In that case, the theoretical work of
Miller and Klippenstein (2003) suggests that the main products are benzene,
fulvene and 2-ethynyl-1,3-butadiene (it should be noted that the H + CgHj
production may be favored at very low pressure). However, there is no need
to introduce the various CgHg isomers produced by the C3Hz + CsHs reaction
in Titan’s atmosphere. Indeed, the various CgHg isomers will be efficiently
photodissociated into C¢gHs + H similar to benzene (fulvene absorbs strongly
above 200 nm (Negri and Zgierski, 1995; Shindo and Lipsky, 1966; Honjo et al.,
2005), and likely also 2-ethynyl-1,3-butadiene, leading to CgHg*). However, in
contrast to benzene, the other CgHg isomers are not thought to be produced
through the H + CgHj reaction (Miller and Klippenstein, 2003; Mebel et al.,
1997; Kislov et al., 2004). As the flux of the H + CgHj reaction is 200 times
more important than the CsHs + C3Hj flux, the fulvene and 2-ethynyl-1,3-
butadiene abundances will be low. Moreover, the H + fulvene and H + 2-
ethynyl-1,3-butadiene reactions should be relatively fast (around 1.0 x 1072
cm?® molecule™!'s™! even at 150-200 K), the barrier for the H + fulvene reaction
being calculated equal to 7.0 kJ/mol at the M06-2X/AVTZ level (this work)
in good agreement with the recent study of H 4+ butadiene by Li et al. (2017).
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The reactions of H atoms with CgHg isomers lead to either adduct stabilisation
(CgH7) or benzene + H. The fast isomerization of CgHg isomers into benzene
through photodissociation and eventually by H atom reactions, explain why
no IR transitions of any benzene isomers, apart from benzene itself, have been
observed in Titan’s atmosphere.

2.2.2.5 CyH; + C,Hj; pathway. (22% of the total, at low altitude around
200 km). Apart from the C3Hs + C3Hg recombination, the CoHs 4+ C4Hj reac-
tion is also an important neutral pathway for aromatic production in Titan’s
atmosphere as both CoH3 and C4Hj are efficiently produced through H atom
addition to CoHy and C4Hs in the lower atmosphere. There are very few pre-
vious studies of this reaction (Duran et al., 1988) but there is no doubt that
the first step is the formation of 1,2-hexadiene-5-yne and 1,3-hexadien-5-yne,
species which are also produced in the C3Hs + C3Hjs reaction. Considering
the very large amount of energy in the C¢Hg* produced by the CoHs + C4Hjs
reaction, (750 kJ/mol, corresponding to an excitation of CgHg at 159 nm),
we consider that all the C¢Hg* formed with such a high internal energy will
dissociate into CgHs + H.

The few percent remaining production of CgHg is through various minor ionic
pathways ending with DR, which are efficient at high altitude around 800-950
km. In this work, we neglect most of the reactions of H and CH3 with ions
(particularly aromatic ions). All these reactions will not change (or very little)
the amount of aromatic compounds but may change the relative proportions
between benzene and substituted benzenes. However, their importance is no-
tably lower than the other reactions included in the present chemical scheme
so that no drastic changes are expected for the most abundant aromatics pre-
sented in this study, particularly benzene.

2.2.2.6 Secondary chemistry. Once formed, benzene can accumulate
because it is unreactive with the main compounds in Titan’s atmosphere and
its photochemistry leads mainly back to benzene. However it can react with
highly reactive radicals and atoms: C (Bergeat and Loison, 2001; McKee et al.,
2014), CH (Berman et al., 1982), CoH (Woon, 2006), CN (Woon, 2006; Tre-
vitt et al., 2009) and N(?D) (Balucani et al., 2018), all these reaction involving
however relatively small fluxes. Among these reactions, the ones with CN and
C5H lead to closed shell molecules, benzonitrile and phenylethyne, which are
included in the chemical scheme and fully described.

Apart from the reaction with benzene, the CgHs radical is also at the origin of
a rich production of aromatics through neutral reactions with CH3 and NH,.
In our model CgHj reaches a large abundance (see Figure 5) but much smaller
than in Vuitton et al. (2008). The very large C¢Hs abundance in Vuitton et al.
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(2008) was due to large underestimation of the C¢Hs + H and CgHs + CHjy
rate constants, which were corrected in Vuitton et al. (2012).

Many reactions are not included in the chemical scheme. For instance, we do
not describe the chemistry of CsH, compounds and many of the CgH, and
Cr;H, one’s, or only as loss reactions. Some of them involve relatively impor-
tant fluxes, similar to the fluxes of the C3H3s + C3Hj3 reaction, and may lead
indirectly to benzene or other aromatics. Among them, the reactions leading
to linear CgHy (CoH + C4Ho, C4H + CoH,, Berteloite et al. (2010)), linear
CeHy (CoH + C4Hg, C4H 4+ CyHay, Berteloite et al. (2010)) and CgHg isomers
including cyclo-hexadiene (CoH3 + C4Hs and CoHy + C4Hjz) are non negli-
gible and may contribute to indirect benzene formation at similar levels to
the C3Hs + C3H3 and CyHz + C4H3 pathways. Moreover, various reactions
involving aromatics are included in the chemical scheme as loss reactions but
without precise determination of the products. This is the case for the follow-
ing reactions: C6H5 + C2H3, CGH5 + CgHg, C6H5 + C4H3, C6H5CH2 + C2H5,
CGH5CH2 + CQHg, CGH5 + C6H5CH27 CGH5CH2 + C6H5CH27 all of them
involving similar fluxes to the C3Hs + C3Hj3 reaction. All these reactions pre-
serve the aromatic ring and photodissociation of their products should also
maintain the aromatic ring leading partly to benzene. We introduce a global
species called AROM, produced by these reactions, without a precise structure
except that it is an aromatic compound. Photodissociation of AROM should
very likely preserve the aromatic ring, which would mainly lead to AROM but
also to some aromatics present in the network, particularly benzene (see sec-
tion 2.2.1). A branching fraction as small as 1% for the AROM + hrv — CgHg
+ photodissociation products with an absorption cross section of AROM equal
to the one of toluene (which gives fluxes of a similar order of magnitude to the
potential amount of benzene produced by the CsH,, CgH, and C;H, reactions
that have been neglected) leads to an increase of the total amount of benzene
by a factor of 6 in the lower atmosphere (150-200 km) but almost no change in
the middle and upper atmosphere. In contrast, the AROM abundance strongly
decreases, being divided by 25. This strong effect on the AROM abundance is
due to the fact that there are no loss pathways for AROM other than conden-
sation and photodissociation toward benzene. Then, whatever the branching
ratio is above 1%, the flux and thus benzene production remains the same.
However, the AROM abundance is inversely proportional to the branching ra-
tio. As there is very little doubt that photodissociation of AROM will lead to
some benzene (and CgHy) production, we consider a branching ratio of 3% in
the nominal model. In the present study, we test different models: in the nom-
inal model, the photolysis of AROM is included (with a branching ratio equal
to 3% toward benzene and 97% toward AROM) and the chemistry induced
by Galactic Cosmic Rays has been turned off. Sensitivity analyses for AROM
photolysis, and the effects of GCRs and ionic chemistry on the production of
aromatics are considered in section 4.
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3 Results

The most abundant aromatic in our model is benzene reaching a relative
abundance of 107% between 800 km and 1000 km as shown in Figure 6. It is
in reasonable agreement with observations even if our calculated abundance
is slightly below observations. It is worth noting that this large abundance
is not due to efficient formation pathways (the ionic and neutral fluxes are
rather small) but instead, due to the fact that once formed, the aromatic ring
is mostly preserved against photodissociation, DR and other reactions. Then,
aromatics can accumulate in the atmosphere, the main loss processes being
condensation in the lower atmosphere and photodissociation to the excited
benzene CgHg.

3.1 Benzene

The first detection of benzene was reported by Coustenis et al. (2003) from
observations performed by the Infrared Space Observatory (ISO). Assuming a
constant mole fraction with altitude they obtained a value of (4+3) x 107 in
the lower stratosphere (around a pressure level of 9 mbar). A more recent anal-
ysis of data recorded by the Composite Infrared Spectrometer (CIRS) aboard
the Cassini spacecraft during the Titan flybys T0O-T10 (July 2004 - January
2006) by Coustenis et al. (2007) gave a value of 3735 x 107'° near the equator
(at 5°S) and (1.1 4 0.5) x 1072 at 50°N between pressure levels of 0.2 and 20
mbar. An analysis of measurements derived from CIRS during a longer period
(2006-2012 corresponding to several flybys from T16 to T91) confirmed that
the benzene abundance depends strongly on latitude and also demonstrated
that it varies significantly with time (Vinatier et al., 2015). At mid-latitude
(46°N), the CgHg abundance was about 2.5 x 107! between 1 and 5 mbar
in July 2006 (this date corresponds approximately to a solar minimum). Cui
et al. (2009) obtained the density of C¢Hg in the ionosphere between 950 and
1200 km based on Cassini/INMS (Ion Neutral Mass Spectrometer) measure-
ments obtained during 15 close flybys of Titan (from T5 to T37, corresponding
to the period April 2005 - November 2007). Note that INMS densities have to
be corrected according to Teolis et al. (2015). At intermediate altitude (be-
tween 400 and 800 km), the abundance of CgHg has been determined from
stellar occultation data acquired by the Cassini/UVIS instrument. Koskinen
et al. (2011) analyzed such data from two flybys (T41 and T53). Using a new
VUV absorption cross section for benzene, Capalbo et al. (2016) reanalyzed
UVIS measurements acquired during these stellar occultations of Titan and
also added analyses of measurements from the T21 and T41-II flybys. They
obtained, around 1000 km, relative abundances in agreement with the values
derived from INMS data. Most of these observations are depicted in Figure 6
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and compared to our model results. We highlight the relatively good agree-
ment between our model (taking model uncertainties into account) and the
observations for benzene despite a slight underestimation of the benzene abun-
dance in our model for the nominal model, not only in the lower atmosphere
where the neutral formation mechanism controls benzene chemistry but also
in the upper atmosphere where benzene is produced through ionic reactions.
The agreement between model and observations is much better in the lower
atmosphere when we consider that AROM photodissociation leads to some
benzene production.

Our benzene abundance profile is relatively similar to the one of Vuitton et al.
(2008) and Krasnopolsky (2009) in the ionosphere, the main reactions pro-
ducing benzene being relatively similar, although we have introduced new re-
actions. On the other hand, our profile is quite different in the region between
300 and 500 km.
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Fig. 6. Mole fraction profiles of benzene in the nominal model (nominal run in black
and 200 Monte-Carlo runs in grey, see section 3.6 for an explanation of these runs).
Observations are given in blue for comparison. In the ionosphere: INMS data from
Cui et al. (2009); In the lower stratosphere: CIRS data from Vinatier et al. (2015)
and Coustenis et al. (2007); In the middle atmosphere: UVIS data from Koskinen
et al. (2011)).
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3.2 Toluene and ethylbenzene

Among the substituted benzene molecules, toluene (CgH5CH3) and ethylben-
zene (CgH;CyH;) are the most abundant in our model (see Figure 7). Toluene
and ethylbenzene are efficiently produced in Titan’s atmosphere because CgHj
is the main product of benzene photodissociation and CgHs will react mainly
with the most abundant radicals, which are H atoms and CHjs radicals. In fact,
considering the values of the kg termolecular rate constant, the H + C¢Hs and
CH3 + CgHj reactions reach their k. values all over the atmosphere and
can be considered as bimolecular reactions (Vuitton 2008) (it should be noted
that the CHs + C¢H; — CgH5CHy + H reaction is exothermic by 58 kJ/mol
without a TS for the exit channel which slightly decreases the low pressure
association rate constant for this reaction). Toluene photodissociation leads
mainly to the benzyl radical (CgH;CHa, (Frochtenicht, 1995)), which produces
ethylbenzene through reaction with CH3. The growth propagation stops there
because photodissociation of ethylbenzene is thought to lead almost exclu-
sively to CgHsCHy + CHj and not to CgHsCyHy + H (Tsai et al., 2001;
Huang et al., 2002). Toluene and ethylbenzene have not yet been detected in
Titan’s lower atmosphere. Both have a small dipole moment around 0.4 De-
bye and may be detectable with ALMA, and both have active IR transitions
well separated from those of benzene. Considering the relative abundance of
toluene, around 1/10 of the benzene one, it may be detectable through its IR
transitions. An indirect way to estimate the toluene abundance in the upper
atmosphere is through the C;Hg ion. Indeed, C;Hg is mainly produced from
toluene through proton transfer via reactions with HCNH* and C,HZ, and
then the C;Hg mole fraction is proportional to the neutral toluene one.

Our toluene abundance is notably different from Vuitton et al. (2008) and
Krasnopolsky (2009, 2012, 2014) mainly due to the fact we use very differ-
ent rate constants for the reactions CgHs + H and CgHs + CHs. Moreover
the chemical description of toluene in Krasnopolsky (2009) is oversimplified.
Ethylbenzene is neither described in Vuitton et al. (2008) nor in Krasnopolsky
(2009, 2012, 2014).

3.3 Aniline (CsHs-NHs) and aniline-N-methyl (CsHs-NHCH;)

The first step of their formation is addition of NHs to the phenyl radical. How-
ever, as NHy is much less abundant than the methyl radical, aniline is much
less abundant than toluene. Aniline-N-methyl is formed through CH3 addition
to CgH5-NH produced by the photodissociation of aniline. Considering their
relatively low abundances in our model (see Figure 8), both molecules will be
difficult to detect through IR spectroscopy. Protonated aniline, C¢Hs;NH7, is
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Fig. 7. Top: Mole fraction profiles of toluene (C¢HsCHs). Upper limits of CgH5CHg
from Cui et al. (2009) are given by blue arrows. Bottom: Mole fraction profiles of
ethylbenzene (CgH5C2Hs). The nominal run is in black and 200 Monte-Carlo runs
in grey (see section 3.6 for an explanation of these runs).
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only produced from aniline in our model and could be used as a proxy for
aniline.

Phenylethyne (CgH;-CoH) and benzonitrile (C¢H5-CN) are produced through
direct bimolecular reactions between CoH and CN radicals with benzene. Their
production in the low atmosphere is weak since CoH and CN are very efficiently
consumed through reaction with CH. Their low abundances (see Figure 8)
will make their detection in Titan’s atmosphere very difficult even though
benzonitrile possesses a strong dipole moment (4.7 D), which has allowed its
detection in dense molecular cloud TMC-1 (McGuire et al., 2018).

Aniline, aniline-N-methyl, phenylethyne and benzonitrile are not included in
previous studies (Vuitton et al., 2008; Krasnopolsky, 2009, 2012, 2014).

3.4 Polyaromatics

Polyaromatics are not included in our model but some production fluxes are
taken into account (leading to AROM). Among them, we calculate the fluxes of
reactions leading to poly-phenyls. Indeed, neutral reactions between aromatic
radicals, mainly phenyl (C¢Hs) and benzyl (C¢H5;CHy), lead to the formation
of polyphenyls. Polyphenyls have been suggested to be efficient haze precursors
by Delitsky and McKay (2010). In our model we produce some polyphenyls but
since the rate constants for the reactions of phenyl and benzyl radicals with
hydrogen atoms and methyl radicals are large even at low pressure (Vuitton
et al., 2012), and since hydrogen atoms and methyl radicals are much more
abundant than phenyl and benzyl radicals, polyphenyl production involves
low fluxes. Other neutral reactions may also produce polyaromatics such as
CeHZ + C3Hy or C4Hy, which are thought to lead to Polycyclic Aromatic
Hydrocarbon formation (PAHs) (Mebel et al., 2017). Another way to produce
polyaromatics are ionic reactions between aromatic ions and unsaturated hy-
drocarbons. Indeed, C¢H;CHj (benzyl ion) reacts with CoHy leading to CoHf;
(Ausloos et al., 1980; Anicich et al., 2006) involving a large flux, similar to the
ones leading to benzene. The precise form and reactivity of CoH{; is unknown
but it is clear that ionic reactions could be the source of large ions includ-
ing polyaromatics as already highlighted by many authors (Anicich et al.,
2006; Krasnopolsky, 2009; Westlake et al., 2014). An alternative route for the
growth of hydrocarbon molecules in Titan’s atmosphere may be the reactions
of neutral aromatics with ions such as CHJ , CoH7 | 1-C3H3 . Indeed, even if the
main channel of the CgHg + CoHZ reaction is proton transfer leading to CgHy
+ CyHy, termolecular association producing protonated ethylbenzene is also
very likely to occur as shown by Zabka et al. (2009). Association could also
be important for reactions such as CHf + CgHg, CHJ + CgHsCHs, 1-C3HT +
CsHg and 1-C3H3 + C¢H5CH3 (Adams 2010). Ionic chemistry is obviously an
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Fig. 8. Mole fraction profiles of aromatic radicals (upper plot) and molecules (lower
plot) included in the nominal model (in addition to the ones presented before). They
all condense below an altitude of approximately 100 km and have very low relative
abundances in the lower atmosphere

efficient way to increase the molecular complexity in Titan’s atmosphere but
realistic modeling of such chemistry needs however further experimental and
theoretical studies.
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3.5 Aromatic related ions

Even if there are direct ionic production pathways of CgHT (the C¢HZ + Hy
and C,HY + C,Hy reactions for example), benzene protonation through the
CeHg + HCNH* and CgHg + C,HZ reactions involve much higher fluxes.
Then, the C¢H7 mole fraction is proportional to the neutral C¢Hg one. The
density profile of C¢H7 derived from INMS observation is depicted in Figure 9
and compared to our model results. The agreement between our model and ob-
servations is very good indicating that the benzene and CoHZ /HCNHT /electron
abundances are likely to be well reproduced. The C;HZ mole fraction is how-
ever not very well reproduced, the m/z = 91 ion (sum of the benzylium and
tropylium ions) is overestimated compared to INMS observations. This could
be due to an overestimation of C;HT production versus CgHsCHJ and shows
that the chemistry of these species should be revisited (particularly the CsHZ
+ CyHy and CgHZ + CHy reactions). The density profiles of CgH7 and C;HT
are in quite close agreement with Krasnopolsky (2012, 2014) except below an
altitude of 600 km. This might be due to the fact that we do not consider mag-
netospheric protons in our model. The density profiles of the other aromatic
ions are depicted in Figure 10.

3.6 Uncertainty propagation and sensitivity analysis

It has been demonstrated in several studies that uncertainties on rate con-
stants have noticeable effects on photochemical model results (see for instance
Hébrard et al. (2012); Hébrard et al. (2013); Dobrijevic et al. (2014); Loison
et al. (2015) for neutrals and Carrasco et al. (2007, 2008); Plessis et al. (2012)
for ions). In the present study, we account for the coupling between neutrals
and ions to study how uncertainties on rate constants propagate into the model
through ion-neutral reactions. Details are given in Dobrijevic et al. (2016b).
We performed 200 Monte-Carlo runs to obtain statistically significant results
while limiting the computational time. In the following, results are restricted
to the nominal model (for which the photolysis of AROM has been included
with a branching ratio equal to 3%).

The propagation of uncertainties for C4Hg gives a large distribution of mole
fraction profiles (see Figure 6) with possible epistemic multi-modality in the
lower atmosphere (see Figure 11), which are caused by uncertainties on some
key rate coefficients. Such behaviour has already been observed in photochem-
ical models for CoHy and CoHy in the atmosphere of Titan (Dobrijevic et al.,
2008), but uncertainties on the rate constants of the key reactions, which were
responsible for this behaviour for these two compounds have been reviewed
since then, and the earlier bimodalities are no longer present in our model.
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Fig. 10. Density profiles of aromatic related ions in the nominal model.

In the present model, the main key reactions for CgHg are the reactions of
excited benzene (both CgHy* and CgHg): CeHi* — CgHs + H, CgHE* + Ny
— CgHi + No and the CgHf + Ny — CgHg + Ny reaction, a new reaction
we added in the model. These reactions are not well characterized and control
the loss of benzene as the photodissociation of CgHj is the only process which
can break open the aromatic ring. Uncertainties on these rate constants are
responsible for the large distribution of profiles for C¢Hg.
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For toluene (CgH;CHj), the distribution of mole fraction profiles is also quite
large at all altitudes (see Figures 7 and 12). This is also the case for ethyl-
benzene (Figure 7). Our sensitivity analysis revealed many key reactions but
the ones that contribute the most to the resulting uncertainties are the main
reactions involved directly in its production: H + C¢H;CHy — CgH5CHj3 and
CH3 + CGH5 — C6H5CH3 (111 addition to CQHg + C4H3 — CﬁH5 + H)

The complete lists of key reactions (reactions that have the strongest impact
on the uncertainties of our model results) for three different altitudes are given
in Appendix D.

4 Discussion

In our model, toluene could be as abundant as benzene or 10 times lower
considering the uncertainties in the reaction rates. A signal at m/z = 92 has
been detected by the Cassini/INMS instrument but Vuitton et al. (2008) found
that, due to the time dependence of this signal, toluene is mostly formed in the
INMS chamber through CH3 + CgHs recombination on the walls. Cui et al.
(2009) obtained an upper limit for C;Hg as a function of altitude: at 1025 km
for instance, the mixing ratio of C;Hg is lower than 8.73 x 1078, This value is
lower than our nominal model toluene abundance. However, it is in agreement
with some of the values we derived from our uncertainty propagation study.
It should be noted that, in contrast to benzene, toluene is mainly produced
by neutral reactions even at high altitude, namely through the C¢Hs + CHjy
and CgH;CHy + H reactions, the rate of these two reactions being only poorly
known, particularly at low pressure. As a consequence, it is not clear whether
our model might overestimate the production of toluene or INMS data should
be re-analyzed considering the putative presence of toluene with a significant
abundance.

In our nominal model, the integrated total production of aromatics above the
condensation level is 2.6 x 10° cm™2?s™! (see Table 2). It is dominated by the
production of benzene. Aromatics condense in the lower stratosphere. Their
condensation level is around 70-90 km depending on the species. Considering
the total production and loss rates of benzene, we infer a condensation rate
equal to 18 gem™2Gy ™!, this would give a layer of ice of about 1 m accumulated
over 4.5 Gy all over the planet.

As pointed out by Vuitton et al. (2008), the production of benzene in the iono-
sphere is greatly enhanced by the coupled ion-neutral chemistry compared to
the neutral chemistry alone. This is particularly noticeable in the ionosphere,
whereas a neutral model can reproduce the observational IR data in the lower
stratosphere (see Figure 13). As shown in Table 2, this is also the case for
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Table 2

P: Integrated total production rate (cm™2s~!) - Value referred to the surface. w =
column density (cm~2). The total production considered that CgHg, C¢HsCHs and
AROM are the main aromatics in Titan’s atmosphere. Results correspond to the
nominal model.

Neutral model Coupled ions-neutral model
Above tropopause Ionosphere Above tropopause Ionosphere

(z > 500 km) (z > 500 km)

w P w P w P w P
CgHg 7.3x 10 | 2.9 x10% | 8.1 x 10" | 49x10% | 1.0x 10" | 1.8 x10° | 8.7 x 103 | 5.5 x 108
CgH5CHs | 6.2 x 10" | 2.2x10% | 3.0x 100 | 3.8 x10%° | 1.2x 10" | 7.4x10% | 6.0x 10" | 8.0 x 107
AROM 1.1 x 10'® | 3.0 x 107 | 1.4 x 10'° | 3.3x10% | 1.2x10' | 5.8 x 107 | 5.4 x 102 | 2.3 x 107
total 5.4 x 108 5.3 x 109 2.6 x 10 6.8 x 108

toluene (and the other aromatics).
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Fig. 13. Mole fraction profiles of benzene for two model results: (1) The coupled
chemistry of ions and neutrals has been turned on, and (2) the chemistry of ions
has been turned off. Comparison with various data (see Figure 6 for caption).

We have performed a local sensitivity analysis to study the effect of Galactic
Cosmic Rays (GCR) on the production of benzene (and other aromatics).
The results for benzene and AROM are presented in Figure 14. The effect for
benzene is quite low (lower than the uncertainties on the abundances derived
from observations). In contrast, the GCR induced chemistry has a noticeable
effect on the generic species AROM, suggesting that some aromatics might be
sensitive to GCR chemistry.

Finally, we also tested the importance of the photolysis of the generic species
AROM. Considering that AROM photodissociation does not lead to any of the
aromatic compounds present in our network (CgHy, CgHg, toluene,...), which
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Fig. 14. Mole fraction profiles of CgHg and AROM) and comparison with various
data Comparison of model results when the chemistry induced by Galactic Cosmic
Rays has been turned on/off is shown.

seems very unlikely, the mole fraction of benzene in the lower atmosphere
is too low by a factor of about 4. However, due to large uncertainties in
the model results, our model is in agreement with observations. Adding a
small production of benzene through AROM photodissociation (even with a
branching ratio as low as 1%), leads to good agreement between the model
results and the CgHg abundance derived from IR observations (see Figure 15).

Heterogeneous chemistry is neglected in this study, but might play a role
for benzene production in the lower atmosphere as proposed by Plane et al.
(2018). In their model, the bulk of cosmic dust particles of 10 um do not
ablate in Titan’s atmosphere and might provide a significant surface for such
heterogeneous chemistry. A precise quantification of such processes is very
delicate and requires further studies.

5 Conclusion

We have updated the chemical scheme used in Titan’s atmospheric models
to study the production of aromatic molecules. Due to the large number of
potential aromatics, only 24 aromatic species (neutrals and ions) have been
considered, which should be the most abundant aromatics in the atmosphere.
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Fig. 15. Mole fraction profiles of C¢Hg and AROM, and comparison with various
CeHg observations (in the ionosphere: INMS data from Cui et al. (2009); In the lower
stratosphere: CIRS data from Vinatier et al. (2015) and Coustenis et al. (2007); in
the middle atmosphere: UVIS data from Koskinen et al. (2011)). Comparison of
model results when the photolysis of AROM has been turned on (in black) or off
(in blue) is shown.

In the ionosphere, the most abundant aromatic molecules in our model are
benzene, toluene and ethylbenzene. In the stratosphere (around 200 km for
instance), only benzene and toluene are relatively abundant. Considering its
abundance, toluene might be detectable in the future. In contrast, other ni-
triles like ethynylbenzene and benzonitrile are not abundant enough and are
unlikely to be detectable either through IR or microwave spectroscopy with
current instruments.

Our model results confirm previous studies: CgHg is mainly produced in the
thermosphere by ion chemistry while neutral chemistry dominates in the lower
stratosphere, both being of a comparable importance. The large abundance
of CgHg in the thermosphere is not due to efficient formation pathways, but
instead due to the fact that once produced, the aromatic ring is preserved
from photodissociation and from DR of protonated benzene. Then, CgHg ac-
cumulates in the upper atmosphere reaching a relative abundance as high as
107%. The GCR related chemistry in the lower atmosphere has a moderate
impact on benzene production.

The model results currently have large uncertainties and a wide range of ex-
perimental and theoretical studies are required to reduce the rate constant
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uncertainties for those reactions leading to aromatic production (and loss)
and to determine the main reaction products and their branching ratios.

Ionic chemistry is an important way to produce benzene and consequently
leads to relatively high abundances for some aromatic ions, particularly CgHg,
CgHY and C;HF (tropylium). A key point for polyaromatic formation is the
reactivity of aromatic ions with unsaturated hydrocarbons as noted by Ani-
cich et al. (2006); Westlake et al. (2014). These reactions, particularly the
association reactions, are not well characterized and may be an efficient way
to increase molecular complexity in Titan’s atmosphere. Further theoretical
and experimental studies are clearly needed.
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Supplementary material

A List of reactions and photodissociations

List of reactions (with rate constants) and references used in the present model.

B List of photodissociations

List of photodissociations and references used in the present model.

C Integrated column rates

For each reaction included in the model, the integrated column rate scaled to
the surface (in cm™2s7!) and the mean altitude (in km) of the production are
given.

D List of key reactions and photodissociations

In the three following files, we list the key reactions at 300 km, 500 km and
1000 km of altitude for all species in the present model.
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